ABSTRACT Associations between the parameters of resistance to coccidiosis and SNP in 3 candidate genes ldcated on chtorndsbme 1 [T cell receptor-p (TGR-O), myeloid leukemia factor 2 (MLF2), and Jymphotactin] were determined. Single nucleotide polymorphisms were enot'pedia 24T ] ' generation and 290 F 2 generation birds. Four SNP were identified in the lymphofactin gene, 12 were located in the TGR-13 gene, and 4 in the MLF2 gene. At various times after experimental infection of the F, generation with Eimeria maxima, BW, fecal 'oocyst shedding, and biochemical parameters were measured as parameters of coccidiosis resistance. Single markef association test was applied to determine the associations between the 20 SNP and the parameters of coccidiosis resistance. The maximum additive genetic effect n' disease resistance of an SNP in MLF2 was explained by BW (P. = 0,0002). The SNP in MLF2 significantly associated with BW was also associated with fedal oocyst shedding (P = 0.001). Four SNP associated with oocyst shedding were found within the coding region of TCR-0 (P < 0.05). Although none of the lymphotactin SNP were associated with oocyst shedding, interferon-level was associated with 2 SNP in lymphotactin. These results suggest that the SNP in the MLF2 gene can be o, ne of the markers to select coccidiosis resistance in chicken..
INTRODUCTION
Avian ' coccidiosis is caused by ubiquitous intestinal protozoan that significantly impair the growth and feed efficiency of infected chickens (Lillehoj et al. 2007) . Although coccidiosis has been controlled by coccidiostatic drugs, vaccination, and genetic selection (Dallout and Lillehoj, 2006; Lillehoj et al. 2007 ), emergence of Icoccidiosis_resistant strains is decreasing the effectiveness of 'approaches. Finding genes associated with coccidiosis resistance Will be useful to efficient genetic sele'étidn' for' disease-resistant lines and understanding mechanisms , underlying disease' resistance in chickens (Lamont et al., 2002 ' Zhu et al., 2003 . There were evidences ' that resistance and susceptibility to avian coccidiosis'are associated with inheritance (Rosenberg et al., .1953 ) and eventually chicken lines resistant to avian cocCidioths coñld be established by genetic selection (Johnson' and Edgar, 1982) . The resistance to avian coccid'iosis QTLhas been identified near 2 niicrosatellite markers LEI0071 and LEJ0101 on chromosome 1 (Zhu et al., 2003; Kim et al. 2006) . The QTL identified in previous studies was associated with fecal oocyst shedding, a parameter which is highly correlated with avian coccidiosis resistance (Conway et al. 1993) . Single nucleotide polymorphisms within the coding region of zyxin and cluster of differentiation 4 genes located between LEI0071 and LEI0101 were genotyped to identify association of these candidate genes with coccidiosis resistance (Hong et al., 2009 ). Although SNP in chicken genes encoding the zyxin were found to be associated with coccidiosis resistance in chickens, these associations explained genetic variation of coccidiosis resistance defined by blood carotenoid level and nitrate level, and weak evidence (P = 0.1) of association between oocyst shedding and SNP was detected.
Resistance to coccidiosis can be considered'as a multigenic trait based on the variation of clinical symptoms after infection with Eimcr-ia (Zhu et al., 2003) .
The methods of evaluating resistance or susceptibility to coccidiosis are explained by multiple phenotypic measurements. Measurement methods generally used for evaluating avian coccidiosis were weakly correlated among themselves (Bumstead and Millard, 1987) . These imply the existence of potential genes that underlie avian coccidiosis resistance in addition to marker-disease associations detected in previous studies. The current study was conducted to identify SNP in additional candidate genes between LEI0071 and LEI010I markers that may play a role in the host response to coccidia infection defined by oocyst shedding and to analyze the associations between SNP and the other measureruents associated with coccidiosis resistance. Three selected genes. T cell receptor-(TGR-/3), myeloid leukemia factor 2 (MLF2), and )yniphotactin, were chosen based upon their genomic location at 80 to 90 cM oil 1 (http://www.ncbi.nhn.nih.gov/ mapview), expression, and function suggesting involvement in protective immunit y to coccidiosis. Indeed, the levels of MLF2, TCR -13, and lymphotactin transcripts were increased >2.0-fold at 5 to 6 d postinfection (P1) with coccidia parasites compared with uninfected birds using an avian intestinal intraepithelial lymphocyte cDNA microarray (Kim et al. 2008) .
The TCR-gene encodes chains that have hypervariable or complementarity determining regions. The T cell receptor is responsible for recognizing antigens bound to MHC molecules. The T cell receptor cv and chain-positive cluster of differentiation .8...(CD8)-expressing intraepithelial lymphocytes play a key role in secondary infection (Lillehoj and Bacon, 1991) . Lymphotactin is expressed in activated CD8+ T cells and cluster of differentiation 4-CD8-T cell receptor cv, thymocytes (Kelner et al., 1.994) . The myeloid leukemia factor proteins were identified in fly and human and are involved in acute leukemia and enhancing myeloid factor (Yoneda-Kato et al., 1996; Ohno et al. 2000) . In chicken, genomic sequences encoding myeloid leukemia factor 1 (MLF1) and MLfl were' identified by bioinformatics approaches. Poultry QTL mapping studies were initially undertaken to identify genes associated with economically important traits such as growth rate, feed efficiency, egg production, carcass characteristics, and disease resistance (Liu et al. 2001; Lei et al., 2005; Qiu et al. 2006) . For infectious diseases, numerous genes that control the response of chickens to Sairnonella have been identified by SNP analysis (Hu et al. 1997; Mariani et al., 2001; Beaumont et al., 2003; Hasenstein et al. 2006) . As an increasing number of QTL or associations have been identified, understanding the interaction between alleles at different; loci (epistasis) is a challenge (Aylor and Zeng, 2008) . Epistasis has been neglected. in conventional complex trait studies (Carlborg and Haley,. 2004 ). However, estimation of geñetic effects accounting for . interaction between 2 or more loci has ben suggested to increase the genetic variance-explained complex traits (Alvarez-Castro et al. 2008) . Genetic studies have found several types of epistasis between genes in human (Cho et al., 1998) and cattle (Bèxendse et al., 2007) . Epistasis between QTL for early growth was detected in the chicken (Carlborg et al., 2003) . In addition to single marker association analysis of candidate genes, epistasis between SNP was also tested to find potential interaction between genes associated with coccidiosis resistance.
MATERIALS AND METHODS

Experimental Population and Phenotypes
A total of 30 male and 100 female chickens were selected from coccidiosis-resistant and susceptible commercial broiler lines and the resistant males were crossed with the susceptible females to produce the F1 population (Zhu et al., 2003) . In the F 1 population, 18 pairs of males and females were randomly selected to generate an F 2 population. Twelve pairs with the highest egg production of F 1 individuals were mated to produce 290 F2 offspring from 4 separate hatches. All 290 F'0 chickens were orally infected with 1.0 x io of sporulated Eimer-ia maxima oocysts at 4 wk of age (Zhu et al., 2003) and their individual B1N, plasma concentrations of carotenoid, NO 2-+ NO[, and interferon-1 (IFN--j) were assessed on'd 3, 6, and 9 PT as described previously (Allen, 1997; Yun et al.. 2000) . The oocyst enumeration was carried out on individual fecal samples that were collected between ci 5 to 9 PT by the method of Lillehoj and Ruff (1987) .
Genomic DNA Isolation, PCR Amplification and Sequencing, and Genomic Sequencing
Genomic DNA was extracted from erythrocytes using the GenElute Blood Genomic DNA Kit (Sigma, St. Louis, MO) according to the instructions of the manufacturer. Polymerase chain reaction primers based on the genomic sequences specific for the TcR-, MLF2, and lymphotactin genes are shown in Table 1 . Polymnerase chain reaction Was performed using ABgene Thermo-Start PCR Master Mix (Thermo Fisher Scientific, Rockford, 1L). Twenty-five microliters of the PCR reaction contained 50 ng of chicken genomic DNA, 10 pmol of each primer, 02 mM of each deoxynucleotide triphosphate, 0.625 U of DNA polymerase, lx reaction buffer, and 1-5 mM MgC12 . The PCR products were sequenced with internal primers using an ABJ 3730 DNA analyzer (Applied Biosystems, Foster City, CA). Single nucleotide polymorphism was genotyped by genomic DNA sequencing with the same gene-specific internal primers. The SNP of each gene was genotyped using the BioEdit biological sequence alignment editor (Hall, 1999) .
Statistical Models for Association Testing
Associations between SNP genotypes and measurements related to coccidiosis resistance were evaluated using the following linear mixed model:
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where yis the phenotype, /1 is the overall phenotypic mean, f is the family effect, h is the hatch effect, s is the sex effect) a is the indicator variable for additive effect, d is the indicator variable fol dominance effect, Pa is the regression coefficient of a; Pd is the regression coefficient of d, and e is the residual error. Family effect arid hatch effect are added a. random effects and sex effect. additive effect. and dominance effect are included as fixed effects. The epistatic model was expanded from a single marker association model (Lynch and Walsh, 1998) . Epistasis was tested between an SNP that was significantly associated with a trait and any other SNP. Testing of epistasis between 2 SNP was conducted between SNP that were associated with a trait detected by a single marker association test and the other SNP. The following model was used:
where ai land o are . indicator, variables for the additive effect of the ith and jth locus, respectively; di and d are indicator variables for the. dominance effect of the ith and jth locus, respectively fl and 0.j are regression coefficients of , a and a, respectively; Pdi and are regression coefficients of di and d, respectively; aj a are indicators for an ' additive x additive epistatic effect htween the ith and Jth locus, respectively; di d. h d o are ,indicators for , dominance x dominance, additivex dominance, and dominance x.additive epistasis betwee' n the ith and jth ldcus, respectively; and Pa P, Pad, Pa" are regression coefficients of additive x additive, dominance x.do'ininance, additive . x dominance, and domnirrn x additive epistasis between the ith and jth' locus. iespectively. The other , definitions 'are followed by' model [11.
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The iiumbers of fecal oocyst and plasma concentrations of IFN--' thId NO, + NO 3 were analyzed after log transformations. Statistical analysis was performed using the lme4 package in the H. Project (http://www.rproject.org ). The di:Ifeience b'twè'nectege?iot5rpe frequencies under Hardy-Weinberg equilibrium and observed genotype data. was tested using x2 test. Linkage disequilibrium (LD) between all pairs of SNP was measured by squared correlation coefficient (r 2 ; Hill and Robertson, 1968 ) between all SNP pairs.
RESULTS
SNP Genotyping
Twelve SNP were identified in TCR-0, 4 in ML1412. and 4 in lymphotactin, respectively, using a reference population of 24 F 1 and 290 F2 generations ( Table 2 ). The 669-bp PCR product of the WR-(GenBank accession no. NC_006088) contained 5 nonsynonymous SNP (nucleotides 88, 203, 272 1 409, and 434) and 5 synonymous SNP (nucleotides 75. 114, 165 7 1.77, and 41].), all within exons, I intronic SNP (nucleotide 74), and 1 untranslated region (3'-untra.nslated region) SNP (nucledtide 561.). The 638-hp PCR product of the MLfl (GenBa.nk accession no. NW_001147525) only included two 3'-untra.nslated region SNP (nucleotides 892 and 947) all within the largest exon. The 504-hp PCR product of the lymphotactin gene (GenBank accession no. NC_006088) included 4 nonsynonymous SNP (nucleotides 395. 634, 677, and 681) all within the largest exon. The minor allele frequencies of 2 SNP in 2 genes (MLF2-SNP956 and lymphotactin-SNP_634) were less than 0.05 (' Table 2 ).
Association of SNP with Qocyst Shedding
The genetic effects of SNP in the TcR-p and MLFI genes on -the levels of oocyst shedding are shown in Table 3 . Two SNP in MLF2 genes and 3 SNP in TCJ?-/5 were significantly associated with oocyst shedding number (P < 0.05). Of these single marker associations, an MLF2 SNP (MLfl-SNP_947) and 3 TC'R.-fl SNP ( TGR-)3-SNP _88, SNP_434, and SNP-561) were in relatively high LD (r2 > 0.5). It was found that; MLF2-SNP_892 was the most significantly associated with oocvst '(P < 0.01). The additive effect of allele C of MLF2-SNP_892 was significantly associated with decreasing of oocyst shedding (P = 0.0002). The minor allele (C) frequency of MLF2-SNP_892 was 0.42. This SNP was in weak LD (r 2 < 0.1) with MLF2-SNP 947 and SNP at MLF2-SNP_947 and 2'CR-P-SNP_88, SNP_434, and SNP-561. Minor allele frequency of SNP at TCR--SNP_88, SNP-434, and SNP_561'was approdni'ateiy 0. 12 and minor allele frequency of these SNP was associated with higher ooc yst shedding. The dominance effects on oocyst shedding of all 5 SNP in MLF2 and TGR-$ genes were not significant. Any significant association between oocyst shedding and SNP in the lymphota.ctin gene was not detected. = allele 1; 2 = allele 2. 'MAF = n,i,,or allele frequency, 'ITWE test = Hard y-Weinberg eqnilihriuin test. 4SNP_intron 1 (74) denotes that it is located on the baron 1 region of the 74th base. 'SNP_intron 7 (6) denotes that it is located on the aaron 7 region of the 6th base.°S NP_inf;ron 7 (10) denotes that it is located on tho ilitron 7 region of the 11th base.
Association of SNP with BW
Body weight measured at 4 different days (0 1 3, 6, and 9 PT) was associated with 2 SNP in the MLF2 gene (Table 4 ). The overall and additive effect of associations with BW parameters were detected (P < 0.001). The maximum additive gnetic effect on the BW of SNP-892 in MLFPJ was highly significant (P = 0.0002). The additive effect of MLF2-SNP_892 on BW at d 6 PT was 142 g. However, no significant dominant effect was detected between MLfl-SNP_892 and BW at d 09 PT. The allele A of MLfl-SNP_892 and the allele A of MLF2-SNP intron 7 (10) (located on the intron 7 region of the 10th base) affected increasing BW at all stages (at d 0, 3. 6, and 9 PT).
Linkage disequilibrium between 2 SNP was low (r2 = 0.06) and genotype frequency of both SNP loci did not deviate from Hardy-Weinberg equilibrium assumption. The dominance effects of SNP_intron 7 (6) (loca(ed on the intron 7 region of the 6th base) in MTJF2 on BW at d 0, 16 : and 9 P1 were detected (P < 0.01). Genotypic value of ileterozygote was similar to the genotypic value of homozygote, which was associated with decreasing BW (Table 4 ). The dominance effects of MLfl-SNP_intron 7 (10) on BW were from -85.07 ± 41.92 at d 9 P1 to -117.41 ± 36.22 at d 6 PT. The weak evidence of dominance effects with MLF2-SNP_892 on BW was detected (P > 0.1). No SNP in lymphotactin was associated with any BW parameters. 'Only significant association between SNP and trait (P < 0.05) is shown, 'Least squares beans, unit = log,, (fecal oocyst shedding number). MLP2-SNP_892 was the most significantly associated with oocvst (P < 0.01). The additive effect of allele C of MLF2-SNP_892 was significaitiv associated with decreasing of oocyst shedding (P = 0.0002). 'Single nucleotide polymorphisms significantly associated with 13W (P < 0.05), least squares means (unit. = g). MLP2 = niyeloicl leakeiina factor 2.
28W0 BW3,'13W6. and BW9 = 13W on dO. Ic 6, and P1. 'SNPJnt.ron 7 (10) denotes that it is located on the intro,i 7 region of the 10th base.
Association of SNP with Carotenoid, !FN-y, and NO2 + NOj
The association test of the TCR-,O and MLfl SNP on the levels of interferon at d 3. 6, 9, and 3 to 9 P1 were shown in Table 5 . The allele C of SNP at lvmphotactin-SNP1395 with a greater increase in interferon at d 6 PT (P < 0.001) and allele C of lymphotactin-SNP_677 decreased the level of interferon at d 9 PT (P < 0.001). The minor allele frequencies of lympliotactin-SNP_395 and SNP-677 were 0.08 and 0.47, respectively. Homozygote of C allele at lymphotactin-SNP_395 and homozygous genotype CC at lymphotactin-SNP_634 were riot observed in all chicken families. Any association with SNP was not detected in 3 genes with carotenoid or NO2-+ NO3 level (data not shown).
Genetic Interaction Between a Pair of SNP
Epistssis effcts' on oocyst shedding and BW were tested between a. pair of SNP. When epistasis was tested only between SNP pairs associated with traits using single marker association test, any evidence of epistatic effect was detected.Three SNP pairs between MLF2-SNP_892 nd 3 SNP and SNP-561) in , . TCR-fi on oocyst shedding were incJuded in the epistasis an model. Epistasis was Snot evaluated between 2 SNP [MLF2-SNP_892 and MLflSNPJntr' n 7 (1.0)] genes associated with .BW located in the same gene considering the LD between 2 SNP. Additional episl;a.tic analysis was conducted to detect potential epistasis and association that was not detected using single marker association test. The SNP pair in high LD (r2 > 0.5) was also excluded due to high dependency among SM. In this analysis, epistasis between MLfl-SNP_892 arid SNP in the other genes was analyzed based or' strength of Lii The overall epistasis model including MLF2-SNP892 and lymphotactin-SNP_677 was significant (P < 0.05). However, only weak evidence of epistasi (P < 0.2) was discovered with MLF2-SNP_892 and lymphotactin-SNP_677 on oocyst shedding and 11W was found (Table 6 ). Weak evidences of dominance x dominance effect on oocyst shedding (P = 0.12) and dominance x additive effect on 11W at d 6 P1 (P = 0.14) were found. 'Unit = log11, (focal oocyst shedcl ng ianul,er) 'At. 6 d postinfect,ion (unit = g). 'Alicic substitution effect, of A with C (ML1"2-SNP892) . 'Allele substitution effect of C with U (lyiipliotact.iis-SNE.,677).
DISCUSSION
if C 0.2; P < 0.05: ***p <0.001.
genes are expected to play a role in the host response to coccidiosis, Three genes were selected for this study: TCR.-13 located at 81.1 Mb. MLF2 at; 80.32 Mb, and lymphotactin at 87.33 Mb. The results of this study showed that a statistically significant association exists between 5 SNP in MLF2 and TGR-13 genes and fecal oocyst shedding, a parameter winch is considered to he the major index for coccidiosis resist.a.nce..Jn addition to associations between fecal oocyst shedding, the association of MLP2 SNP and BW supports the evidence of genetic relationship between A1LF1 and coccidiosis resistance.
The TGR-(3 SNP 88, 434, and 561 are nonsynonymous SNP existing in the coding region and these SNP could contribute to the changes in the function of cornplementarity determining regions. Although 3 SNP associated with coccidiosis resistance were located in the TcR.-13 gene, these SNP were iirl'ugh LD (r 2 > 0.5) and showed relatively weak evidence for disease resistance association compared with the SNP-892 of the MLF2 gene. In spite of significant associations between MIJF2 and coccidiosis resistance, the function of MLF2 is not well understood in host immunity to infectious microorganisms ill chickens (Kim et al., 2008) . Myeloid leukemia factor proteins are conserved across the mammals and myeloid leukemia factor proteins from nonvertebrate organisms suggest that MLFI and 1141F2 were derived from the duplication of a unique common ancestor (Martin-Lannerée et al.. 2006) . The MLfl-SNP_892 is associated with both oocyst and BW at d 3 and 6P1 significantly (P< 0.001). The MLF2-SNP_892 explained approximately 2 t 3% of total phenotypic (oocyst, BW) variation. Considering high correlation between these traits and coccidiosis resistance, the additive effect of MLF2-SNP_892 on oocyst or BW traits will provide useful information for predicting disease resistance in chickens. The MLfl SNP genotyped in this study are located within a relatively small rnRNA region (200 hp) of the MLF2 gene. and this may indicate the existence of additional significant associations with disease resistance traits in the same gene or neighboring genes. Associations between SN]? in lvmphotactin and coccidiosis were also detected. Lvnlphotactin is a. chen'iokine metiating the immune response by attracting or activating specific populations of lenkocytes (Wang ct al.. 1998) . Although genetic variation in lymphotactin is associated with JFN-f in this study, immunological pathway affecting IFN--y level by lynipilotactin is not obvious.
Generall y, increased BW gain and decreased oocyst fecal shedding have been regarded as the most importantparameters that are correlated to increased resistance to experimental Eftne'ria infection. In support of this relationship, SN]? in MLF2 associated with oocyst shedding and BW were detected in the current study. Three SNP ill TCR-l3 was also associated with oocyst shedding, which were iii high LD with an SN]? in ML172. Other phenotypic markers also have been shown to positively correlate with disease resistance. In this study, the association between lymphotactin and IFN-y level was newly found ill addition to the association between zyxin and carotenoid level previously identified (Hong et al., 2009) .
Based on single marker associations, epistatic testing between 2 SNP was also applied based on the single marker association testing. Analysis for the SNP-677 in lymphotactin detected potential epista.sis with oocysi; shedding and BVV. Any association between oocyst: shedding and lyn!photactin-SNP_677 was not detected using single marker testing without the epistasis model. The epistatic model could increase the power to detect QTL with ver y small or no marginal effects (Carlborg and Haley, 2004) . Thus, analysis including epistasis provided complementary tools for identification of nlarker-trait association and interaction. However, the epistasis witll incorrect models would detect a spurious interaction effect (Mao et al.. 2006; Alvarez-Castro et al., 2008) , and function of MLF2 was not well characterized in most species. Further study will be required to clarify the function of MLF2 in the immune system.
Single marker association analysis for 16 traits of coccidiosis resistance showed that a 2'CR-0 SNP and 2 MLF2 SNP were significantly associated with oocyst and BW. Future studies will be needed to replicate SNP associated with coccidiosis resistance in other broiler chicken families and to confirm genetic effect of MLF2. Development of additional markers for candidate genes relevant to protective immunity and high-throughput SNP genotyping are required to find multiple genes underlying coccidiosis resistance in chickens.
